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PACS –
Abstract – We present a description of the measurement process based on the parametric representation
with environmental coherent states. This representation is specifically tailored for studying quantum systems
whose environment needs being considered through the quantum-to-classical cross-over. Focusing upon pro-
jective measures, and exploiting the connection between large-N quantum theories and the classical limit of
related ones, we manage to push our description beyond the pre-measurement step. This allows us to show
that the outcome production follows from a global-symmetry breaking, entailing the observed system’s state
reduction, and that the statistical nature of the process is brought about, together with the Born’s rule, by the
macroscopic character of the measuring apparatus.
Introduction. – The measurement process plays a funda-
mental role in any physical theory, and indeed a crucial one in
quantum mechanics. The set of works dedicated to the subject
is almost uncountable and different descriptions of the process
often implies different interpretation of quantum mechanics it-
self (see for instance Refs. [1,2] for comprehensive discussions
and thorough bibliographies). The idea that measuring be a
dynamical process is quite intuitive, and generally accepted.
Moreover, it is today recognized that such process must include
an early stage during which entanglement is generated between
the observed system and the measuring apparatus, which dic-
tates a quantum treatment for both systems. This initial stage,
usually referred to as pre-measurement, can be considered suc-
cessfully completed when the apparatus is in a state that con-
veys information on the observed system, a condition related
with the occurrence of decoherence [2, 3]. We usually take
what happens next from the measurement postulate, although
whether or not its content can be derived from the other postu-
lates is still the most debated issue of quantum theory [1–8].
In this work, embodying the formal definition of the large-N
limit of a quantum theory [9] into the parametric representa-
tion with environmental coherent states (PRECS) [10–12], we
complement the description of the measurement process with
the quantum-to-classical cross-over of the apparatus only. We
thus manage to understand how objective results emerge from
the entangled states of a macroscopic measuring apparatus, and
why their production is an inherently statistical phenomenon.
The observed system’s state reduction and the Born’s rule are
contextually obtained.
The structure of the paper is as follows: We first introduce
the standard model for unitary pre-measurements [1, 4, 8] and
study its dynamics by the PRECS. The condition that defines
the successful completion of the pre-measurement is then for-
mally expressed [13], and two paradigmatic models (spin- 12 in
either a bosonic or a magnetic environment) are introduced, in
order to clarify the formalism and guide the interpretation. At
this point we formally associate the classical limit of the envi-
ronment to the macroscopic character of the measuring appara-
tus referring to the seminal work by L.G.Yaffe [9] on large-N
quantum theories; this finally allows us to describe the outcome
production. In order to ease the understanding of our proposal,
we keep comments to a minimum throughout its presentation,
and postpone them to the concluding section.
Pre-measurement and parametric representation. – Let
us first outline the formalism to which we will essentially re-
fer in describing the quantum measurement process. Be Γ the
observed quantum system (with Hilbert space HΓ), and Ξ the
measuring apparatus (with Hilbert space HΞ). The composite
system Ψ=Γ+Ξ is assumed isolated, i.e. ρΨ(t)=|Ψ(t)〉〈Ψ(t)|,
at any time prior to the output production (t<T ); moreover its
state is taken separable before the measurement starts (t≤0)
|Ψ(t ≤ 0)〉 = |Γ〉 ⊗ |Ξ〉 . (1)
Note that the validity of these assumptions should not be taken
for granted, as extensively discussed in Refs. [1, 2].
Let us concentrate upon sharp observables, defined as - and
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identified with - projection operator valued measures on the
real Borel space, or a subset of it [1]. Any such measure, OΓ,
determines a unique Hermitian operator OˆΓ acting on HΓ; if
the observable is further assumed (for the sake of clarity) dis-
crete and non-degenerate, it is OˆΓ=
∑
γ ωγ |γ〉〈γ|, and the OˆΓ-
eigenvectors {|γ〉}HΓ form an orthonormal basis for HΓ. Fur-
ther ingredients of a scheme designed for describing the mea-
sure of OΓ are i) a pointer observable OΞ of Ξ, ii) a pointer
function correlating the value sets of OΞ and OΓ, iii) a mea-
surement coupling between Γ and Ξ, ultimately responsible for
the Ψ-state transformation ρΨ(0)
V−→ ρΨ(t) occurring before
the actual production of a specific output is obtained. It can be
shown that a sufficient condition for a state transformation to
qualify as a proper pre-measurement [1], is that V be a trace-
preserving linear mapping. When V is further assumed to be
unitary, the process coincides with the one first described by
von Neumann [4], later generalized by several authors [14–17],
and characterized by Ozawa [18] under the name of conven-
tional measuring process. If OΞ is a sharp observable, with
OˆΞ the corresponding hermitian operator, choosing V=e−itHˆΨ
with
HˆΨ = u OˆΓ ⊗ OˆΞ + IˆIΓ ⊗ HˆΞ , (2)
defines the standard model [1] for describing pre-
measurements as dynamical processes, where HˆΞ acts on
HΞ, IˆIΓ is the identity operator on HΓ, and we have set ~=1.
In what follows we will specifically study the above standard
model, taking the identity as the pointer function, for the
sake of simplicity. Writing |Γ〉 in Eq. (1) on the basis of the
OˆΓ-eigenstates, from Eq. (2) it follows
|Ψ(t)〉 =
∑
γ
cγ |γ〉 ⊗ |Ξγ(t)〉 (3)
at any time during the pre-measurement (0<t<T ), with
|Ξγ(t)〉 ≡ e−itHˆγΞ |Ξ〉 , (4)
and
Hˆγ ≡ uωγOˆΞ + HˆΞ . (5)
In the standard model, the possibility of extracting information
about Γ reporting on Ξ, relies on the γ-dependence of |Ξγ(t)〉,
i.e. on the dynamical entanglement generation induced by the
coupling uOˆΓ ⊗ OˆΞ if, and only if, |Ξ〉 is not a OˆΞ-eigenstate.
On the other hand, the measuring apparatus is expected to be
in a stationary state before the above coupling is switched on.
Therefore, it is usually taken
HˆΞ|Ξ〉 = E0|Ξ〉 and [OˆΞ, HˆΞ] 6= 0 . (6)
The evolution described by Eq. (3) can be studied by the
PRECS [11], a method based on the use of generalized coher-
ent states [19–21] for Ξ, whose construction, as far as the model
(2) is concerned, can be summarized as follows. Consider the
operators OˆΞ and HˆΞ: they will generally be elements of a
Lie groupG, usually dubbed (environmental) dynamical group,
and, in most physical situation, they also belong to the related
Lie algebra g (in that they are linear combination of the group
generators). The arbitrary choice of a reference state |R〉∈HΞ
defines the subgroup F of the operators fˆ acting trivially on
|R〉, i.e. such that fˆ |R〉=eiφf |R〉, and hence the environmental
coset G/F . Environmental coherent states (ECS) are the states
|Ω〉 = Ωˆ|R〉 with Ωˆ ∈ G/F . (7)
It is demonstrated [19–21] that coherent states |Ω〉 are in one-
to-one correspondence with points Ω on a differentiable man-
ifoldM. The construction of ECS entails the definition of an
invariant (with respect to G) measure dµ(Ω) onM, as well as
of a metric tensor m. Moreover, ECS form an over-complete
set onHΞ, and provide an identity resolution in the form
IˆIΞ =
∫
M
dµ(Ω)|Ω〉〈Ω| , (8)
where IˆIΞ is the identity operator on HΞ. Getting back to the
model (2), if g is semi-simple, referring to its Cartan basis 1,
and reminding condition (6), one recognizes that Hˆγ is in the
canonical form with OˆΞ hermitian linear combination of shift-
up and -down operators : This usually entails the choice of |R〉
as the eigenstate of HˆΞ such that OˆΞ|R〉=0, that naturally pro-
vides M with a symplectic structure [22, 23], i.e. Ω=(z, z¯)
with z, z¯ canonical coordinates, and dµ(Ω)=det(m)dzdz¯.
Consistently with conditions (6), we can set |Ξ〉=|R〉, implying
〈Ξ|OˆΞ|Ξ〉 = 0 . (9)
Coherent states have peculiar dynamical properties, which
are often summarized by the motto ”once a coherent state, al-
ways a coherent state” [19]. In the specific case of a system
ruled by the Hamiltonian (2), with initial state (1), these prop-
erties, complemented with the choice |R〉=|Ξ〉, allows one to
write [11]
|Ξγ(t)〉 = eiϕγt |Ξγt 〉 , (10)
where |Ξγt 〉 is the coherent state corresponding to the point
Ξγ(t) along the trajectory onM defined by the solution of the
classical-like equations of motion
imzz¯
dz
dt
=
∂
∂z¯
Hγ(Ω) , and the same with z ↔ z¯ , (11)
with Hγ(Ω)≡〈Ω|Hˆγ |Ω〉 and Ξγ(0)=0; as for the phase factor
it is ϕγt =
∫ t
0
dy 〈Ξγy |
(
i ∂∂y − Hˆγ
)
|Ξγy〉.
Once the ECS are constructed, any state of the composite
system Ψ can be parametrically represented by formally split-
ting Γ and Ξ through the insertion of IˆIΞ in the form (8), as
shown in Ref. [10]. In particular, exploiting the fact that dµ(Ω)
is group-invariant, the state (3) reads
|Ψ(t)〉 =
∫
M
dµ(Ω)χt(Ω) |φt(Ω)〉 ⊗ |Ω〉 , (12)
1 It is the basis of a semi-simple Lie algebra, usually indi-
cated by {{Hˆi}, {Eˆα, Eˆ−α}}, such that [Hˆi, Hˆj ]=0, [Hˆi, Eˆα]=αiEˆα,
[Eˆα, Eˆ−α]=aiHˆi, and [Eˆα, Eˆβ ]=cαβEˆα+β . A Hamiltonian which is
linear in the generators is said to be in the canonical form when it is
Hˆ=
∑
i νiHˆi+
∑
α αEˆα+ 
∗
αEˆ
†
α, with Eˆ
(†)
α the shift-up(down) operators.
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with
|φt(Ω)〉 = 1
χt(Ω)
∑
γ
cγ〈Ω|Ξγ(t)〉 |γ〉 , (13)
χ2t (Ω) =
∑
γ
|cγ |2hγt (Ω) , hγt (Ω) = |〈Ω|Ξγt 〉|2 , (14)
and we have set χt(Ω) in R+ by choosing its arbitrary phase
equal to 0. Equations (12-14) define the parametric represen-
tation with ECS of |Ψ(t)〉. Notice that the dependence of the
principal system’s pure states |φt(Ω)〉 on Ω is the signature that
Γ and Ξ are entangled [10]. Moreover, due to 〈Ψ(t)|Ψ(t)〉=1,
it is
∫
M dµ(Ω)χ
2
t (Ω)=1 at any time, which allows one to in-
terpret χ2t (Ω) as the normalized density distribution of ECS on
the manifoldM [10, 19].
Informative apparatus. – The essential goal of any pre-
measurement is that of setting a cogent relation between ele-
ments of {|γ〉}HΓ and pointer states [24] of the measuring ap-
paratus. Referring to Eq. (3), this implies that
different states |Ξγ(τ)〉 and |Ξγ′(τ)〉 , (15)
produce different outcomes whenever γ 6= γ′ , (16)
for τ>τd, where τd is the time when the pre-measurement can
be considered successfully concluded. Condition (15-16) can
be translated [13] into some property that χ2τ (Ω) must feature
in order to describe an informative apparatus: in fact, defining
the ε-support of each component hγt (Ω) as the region Sγt ∈M
such that hγt (Ω)>ε ∀Ω∈Sγt , with ε a small number in R+, the
request (15-16) can be identified [13] with the condition
Sγτ ∩ Sγ
′
τ = ∅ for γ 6= γ′ . (17)
Fig. 1: Evolution of χ¯2t (Ω) for the models (19) and (20), top and bot-
tom panels, respectively, as time goes by from left to right. Black lines
indicate the trajectories Ξγt , with γ=±.
The one-to-one correspondence thus established between
each function hγτ and the region Sγτ inM allows one to write
|Ψ(τ)〉 =
∑
γ
cγ
∫
Sγτ
dµ(Ω)eiϕ
γ
t
√
hγτ (Ω) |γ〉 ⊗ |Ω〉 (18)
for all τ in the time interval where condition (17) holds. No-
tice that, despite such condition specifically concern the appa-
ratus, Eq. (18) strictly implies that decoherence with respect
to the basis {|γ〉}HΓ has occurred [13, 25], and the time τd
is consistently recognized as a decoherence time for Γ. For
the sake of a lighter notation we will hereafter drop the τ in-
dex in Sγτ understanding that, whenever Sγ is referred to, it
is τ>τd. For a more transparent discussion, it is now worth
considering two models with Hamiltonian of the form (2), that
have been introduced as paradigmatic ones for describing the
decoherence phenomenon, and extensively studied in various
contexts [2, 26]. They are described by
Hˆqb = νbˆ
†bˆ+ gσˆz ⊗ (bˆ+ bˆ†) , (19)
and
HˆqS = hJˆ
z + µσˆz ⊗ Jˆx , (20)
where σˆz is the Z-Pauli matrix, bˆ and bˆ† are bosonic op-
erators ([bˆ, bˆ†]=1), and Jˆ±=Jˆx ± iJˆy are spin-J operators
([Jˆα, Jˆβ ]=iεαβγ Jˆγ). The respective ECS are those usually
referred to as field and spin coherent states, with |R〉 such
that bˆ|R〉=0 and Jˆ−|R〉=0, and manifold M the complex
plane and the unit 2-sphere. The trajectories Ξγt defining
the states |Ξγt 〉 in Eqs. (13-14), with γ=±, can be explic-
itly determined [25] and are shown in Fig.1 as black lines on
the respective manifold. In the same figure, the distributions
χ¯2t (Ω)≡det(m)χ2t (Ω) are plotted at various times: it strikes
that, as time goes by, they acquire a multi-modal structure, with
as many distinct modes as the number of different γ in the OˆΓ-
spectrum, thus visualizing how condition (17) is dynamically
achieved. Moreover, considering χ¯2t (Ω) for different values of
g and J , as in Fig. 2, reveals that when such parameters in-
crease, each γ-peak becomes more pronounced, and the cor-
responding support Sγ consequently shrinks around Ξγt . This
evidence, that reflects the more general result [9] briefly stated
at point ii) of the next section, is clearly reminiscent of some
sort of classical limit for Ξ. The description of the process
which is now available allows us to push the formalism towards
a well defined macroscopic limit for the measuring apparatus
only, that leave the principal system unaffected.
Large-N limit. – This Section is based on a work by
L.G.Yaffe [9], dealing with the fundamental question “Can one
find a classical system whose dynamics is equivalent to some
Fig. 2: χ¯2t (Ω) at a given time for the models (19) and (20) with dif-
ferent parameters g and J - left and right panels respectively - Black
lines as in Fig.1.
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N → ∞ limit of a given quantum theory?”, where N is some
measure of the number of dynamical variables. An extensive
discussion of Ref. [9] goes beyond the scope of this letter, but
briefly retracing the reasoning underlying the results which are
most relevant to get to our final goal, is necessary. In doing that
we will try to keep contact with what we have described so far.
Given that:
- a classical theory, C, is defined by a phase space C, a Pois-
son bracket, and a classical Hamiltonian Hcl;
- a quantum theory, Q, is defined by a Hilbert space, a Lie
algebra, and a Hamiltonian Hˆ (and dynamical group G),
then:
i) Be Qκ a quantum theory characterized by some (quantic-
ity) parameter κ, assumed to take positive real values including
the limiting κ=0 one. This is the theory that describes the ap-
paratus Ξ in the above sections, in particular, κ=1/g or 1/J in
the models (19) or (20), respectively.
ii) It exists a minimal set of conditions that Qκ must fulfill
to guarantee that its κ → 0 limit is a classical theory C. Such
conditions emerge in terms of coherent states for the dynamical
group of the theory, Gκ, and establish a one-to-one correspon-
dence, Mκ → C, between points on the related manifold and
on the phase-space of C. These coherent states are the ECS de-
fined in the previous section, and one of the above conditions
implies
hγt (Ω)det(m) −→
κ→0
δ(Ω− Ξγt ) , (21)
as suggested in Fig. 2.
iii) Be QN a quantum many-body (field) theory with some
global X(N) symmetry (X=O,Sp, U ...), dynamical group
GN , and related manifoldMN . This is the microscopic quan-
tum theory that would exactly describe the apparatus Ξ, were
we able to determine the details of its internal interactions as
well as of those between each one of its components and Γ.
iv) Any such QN theory defines a Qκ one, by this meaning
that the latter can be explicitly defined from the former, such
that κ=1/N (or 1/N2, depending on specific features of QN ).
The relation between the two theories is established via their
respective dynamical groups, GN and Gκ, by making them be
different representations of the same algebra. Operators Aˆκ
and AˆN in the two different theories are also formally related
(though it is not possible to explicitly express such relation in
general).
v) It is demonstrated that limN→∞QN= limκ→0Qκ=C,
where the last equality means that Qκ fulfills the conditions
of point ii) as κ→ 0. The above chain of equalities implies the
existence of a mapping fromMN → Mκ → C, with the last
correspondence biunivocal, as from point ii).
Resulting from the above is the following: to each |Ω〉, co-
herent state for Qκ, it is associated a set {|ΩN〉}∼ of coherent
states for QN such that
lim
N→∞
〈ΩNi|AˆN |ΩNi〉 = lim
k→0
〈Ω|Aˆκ|Ω〉≡Acl(Ω) , (22)
for all |ΩNi〉∈{|ΩN〉}∼ and any hermitian operator Aˆκ with
Acl(Ω)<∞. Elements of the same set are related by
|ΩNi〉=Uij |ΩNj〉 with Uij any unitary X(N)-symmetry opera-
tion. Operators Aˆκ and AˆN are related as from point iv), and
Acl is a real function on C, with Acl(Ω) its value on the point
that univocally corresponds to |Ω〉, according to point ii). Ver-
balizing Eq. (22), states in {|ΩN〉}∼ are dubbed classically
equivalent, and operators such that their symbols 〈ΩN| · |ΩN〉,
keep finite for N →∞ are called classical operators [9].
Fig. 3: Graphical depiction of the relation between effective and mi-
croscopic theories, Qκ and QN , giving rise to the same classical the-
ory C.
Macroscopic measuring apparatus. – Regarding the
measurement process, Yaffe’s results teaches us that the classi-
cal limit (κ→ 0) of the effective theoryQκ used for describing
Ξ during the pre-measurement, can keep describing a macro-
scopic (N →∞) apparatus; however, in order for this to be the
case, anX(N)-invariantQN theory must actually underlieQκ,
being the one that would provide us with the exact, microscopic
description of Ξ, if we were able to deal with it in the large-N
limit.
We can now get back to the PRECS treatment, to find that the
theory Qκ, with its related coherent states |Ω〉, is already well
defined, and the symbols 〈Ω|Aˆk|Ω〉 are the Husimi functions
[19–21] of operators acting on HΞ. Therefore, from condition
(17) and Eq. (22), we find that to each Sγ , and hence to each
trajectory in M, it corresponds a set {|ΩN〉}γ∼ of classically
equivalent coherent states of the microscopic, X(N)-invariant,
quantum theory QN .
States belonging to the same set {|ΩN〉}γ∼ keep being distinct
in the large-N limit, as this limit does not affect the transfor-
mations Uij that relate them. Therefore, the set VγN of points
corresponding to {|ΩN〉}γ∼ inMN has a finite volume V γN even
if the apparatus becomes macroscopic.
States belonging to sets {|ΩN〉}γ∼ labeled by different γs are
related by
|ΩNi(t)〉γ
′
= Uγγ
′
N (t)|ΩNi(t)〉γ (23)
with Uγγ
′
N (t) ≡ e−itHˆ
γ′
N +itHˆ
γ
N , (24)
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which follows from the fact that evolutions defined by different
γs have the same initial state. For t>τd they are not classically
equivalent, implying VγN ∩ Vγ
′
N =∅, but yet they have the same
energy in the N →∞ limit,
lim
N→∞
〈ΩN|HˆγN |ΩN〉 =
ΩN∈∪γVγN
(25)
lim
κ→0
〈Ω|Hˆγ |Ω〉 =
Ω∈∪γSγ
Hcl(Ξ
γ
τ ) = E0 , (26)
as seen from Eqs. (22), (21), (9), and (6).
The above analysis tells us that if one were to study the be-
haviour of a macroscopic measuring apparatus in terms of its
microscopic quantum theory, despite not being able to do it ex-
actly due to the large number of dynamical variables, yet she
could extract information on Ξ, for t>τd and N → ∞, from
the degenerate coherent states ∪γ{|ΩN〉}γ∼, grouped into dis-
joint sets of classically equivalent ones.
Outcome production. – Suppose now that, at a certain
time T>τd, a local perturbation acts on some parts of Ξ, thus
breaking the global X(N)-symmetry. The relation between
QN and Qκ is consequently broken, and the latter theory can-
not be further used for describing the apparatus. The only tool
with which we are left for studying Ξ is the microscopic the-
ory QN , and the information collected upon it in the previ-
ous section. According to the usual description of symmetry
breaking (SB) in systems made by a large number of parti-
cles, and exclusively focusing upon the N → ∞ limit of QN ,
the above X(N)-SB will select some states amongst those that
equivalently describe the measuring apparatus immediately be-
fore T , by making their energy lower than that of all the oth-
ers. Specifically, as the operator δˆ representing the local SB-
perturbation cannot commute with any of the global transfor-
mations Uˆγγ
′
N in Eqs. (23-24), neither can it depend on the spec-
trum {ωγ}, it is γ〈ΩNi| δˆ |ΩNi〉γ 6=γ
′〈ΩNi| δˆ |ΩNi〉γ′ unless they
both vanish. In other terms, a local perturbation on Ξ that be
independent on the previous evolution of Ψ, cannot cause the
same energy-lowering in states belonging to different sets of
classically equivalent coherent states.
Therefore, only one γout will be selected
∪γ {|ΩN〉}γ∼ −−−−−−→
X(N)-SB
{|ΩN〉}γout∼ . (27)
Picking one specific set of classically equivalent coherent
states, i.e. one specific γout, ensures that all classical functions
get their respective definite value Acl(Ξ
γout
T ) on the classical
phase-space C via Eq. (22), and a classical behaviour unam-
biguously emerges for the measuring apparatus. In particular,
the classical function corresponding to OˆΞ will take the value
Ocl(Ξ
γout
T ), which will be the result of the measurement pro-
cess.
Notice that the effective theory describing the apparatus dur-
ing the pre-measurement is X(N)-symmetric if and only if
the interaction between Γ and Ξ also features such symmetry;
therefore, the X(N)-SB is only made possible by the outwards
opening of Ψ, i.e. by enlarging the system considered during
the pre-measurement from Ψ=Γ + Ξ to W=Ψ +R, where by
R we mean the ”rest of the world”. The action ofR on Ξ can be
controlled, just like in an actual measurement where it is trig-
gered by the reading of the apparatus. It can also be completely
random, in which case the X(N)-SB induces the emergence of
classicality. Whatever the situation, such action is uncorrelated
with the dynamics of Ψ before the symmetry breaking.
Born’s rule. – In order to understand what value of γout
one should in principle expect, let us go back to our measur-
ing apparatus after the pre-measurement is concluded but be-
fore the SB has occurred (τd<τ<T ): In previous sections we
have learned that its macroscopic (N →∞) behaviour follows
from the features of the ensemble {{|ΩN〉}γ1∼ , {|ΩN〉}γ2∼ , ...} of
degenerate coherent states, grouped into disjoint sets, each la-
beled by a specific γ. States belonging to the same set corre-
spond, as N → ∞ and at any time τ>τd, to the same point
Ξγτ in C, and hence to the same possible outcome Ocl(ΞγT ). On
the other hand, due to degeneracy and to the fact that the per-
turbation causing the X(N)-SB is uncorrelated with the evo-
lution of the overall system Ψ, states belonging to the above
ensemble are all equally likely. Therefore, the principles of
statistical mechanics tell us that the probability p(γout) of the
outcomeOcl(Ξ
γout
T ) is proportional to the volume V
γ
N occupied
by the set VγoutN of representative points in MN , at τ=T and
as N → ∞. Being left with the final problem of evaluating
V γN , we consider the following: prior to the symmetry break-
ing, the two theories QN and Qκ, in their respective large-N
and κ → 0 limit, describe the same classical behaviour of Ξ.
Therefore, getting back to Ψ=Γ + Ξ, for τ>τd it is
〈Ψ|IHγ ⊗ Aˆ|Ψ〉 =
∑
γ
∫
Sγ
dµ(Ω)χ2τ (Ω)〈Ω|Aˆ|Ω〉 (28)
and it must be
lim
κ→0
〈Ψ|IHγ ⊗ Aˆ|Ψ〉 = lim
N→∞
∑
γ
∫
VγN
dµ(ΩN)〈ΩN|AˆN |ΩN〉
(29)
for any classical operator Aˆ acting on HΞ, and for all ini-
tial states |Γ〉 (i.e. for all possible sets of {cγ} such that∑
γ |cγ |2=1). Given Eq. (22) this is seen to require
V γN ∝ limN→∞
∫
Vγ
dµ(ΩN) (30)
= limκ→0
∫
Sγ
dµ(Ω)χ2τ (Ω)=|cγ |2 , (31)
which results in the Born’s rule
p(γout) = |cγout |2 . (32)
Finally notice that the selection entailed by Eq. (27) trails
behind itself that of the state |γout〉 for Γ, as seen from Eqs. (13)
and (21), thus realizing the reduction of the observed system’s
quantum state.
Before moving towards some concluding comments, we note
that considering degenerate, possibly continuous, sharp observ-
ables and/or non trivial pointer functions is just a matter of a
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more complicated notation. On the other hand, the generaliza-
tion to un-sharp observables, i.e. POVM rather than projective
measurements, is a more delicate issue, that will be possibly
tackled in future works.
Conclusions. – Let us briefly retrace the route that brought
us from the initial separable state |Γ〉⊗ |Ξ〉 to the production of
an outcome, and the Born’s rule.
We have considered projective measures and, referring to the
standard model of unitary pre-measurements, analyzed their
dynamics by means of some specific tools, namely general-
ized coherent states and the PRECS. After having expressed
the necessity of decoherence as a condition on the distribution
of quantum states relative to the apparatus, we have formally
substantiated the intuitive relation between
(1) the classical limit of the effective quantum theory used in
the standard model for describing the apparatus by a lim-
ited number of dynamical variables, and
(2) the large-N limit of the microscopic theory that would ex-
actly describe, were we able to handle it, a macroscopic
quantum measuring apparatus.
This has enlightened that a global symmetry must characterize
(2) if (1) is to be given a physical meaning: In fact, the break-
ing of such symmetry causes the breakdown of the effective
quantum description of the apparatus adopted during the pre-
measurement and contextually selects an objective outcome.
The fact that a huge number of microscopic configurations of
the apparatus correspond to the same outcome brings probabil-
ities into play, according to the principles of statistical mechan-
ics and with no consequences on the deterministic nature of
the quantum description. In other terms, observing a quantum
system with a macroscopic apparatus produces a probabilistic
result not due to the system being quantum but rather because
the apparatus is big.
The reader will recognize, all along the description proposed
in this work, many concepts and formal elements characteriz-
ing previous approaches to the quantum measurement process,
from einselection to time-reversal symmetry breaking, from
non-linear dynamics of the output production to generalized co-
herent states. In fact, we believe that this work does not collide
with (almost) any of the previously developed analysis of the
quantum measurement process, but rather seems to reconcile
them.
Finally, our description can be tested by artificially causing
the global-symmetry breaking, after decoherence has occurred
in a pre-measurement process. To this respect, we are inves-
tigating the possibility of an experimental realization of the
model (20) by a spin star, with the external ring playing the role
of the apparatus, and the global symmetry being the one that
ensures its total spin J to be fixed during the pre-measurement.
The possibility of lowering 1/J by increasing the number of
spins on the ring should give us control upon the classical and
the large-N limits of the apparatus. Moreover, an action specif-
ically targeted to one single spin of the ring should allow us to
cause the symmetry breaking and verify that its effects are in-
deed the same as those expected after a quantum measurement.
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